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(57) ABSTRACT 

Methods and apparatuses for discriminating matter utilizing 
dielectrophoresis combined With magnetophoresis. A 
sample having one or more constituents is injected into an 
inlet port of a chamber. A carrier medium How is initiated at 
the inlet port to establish a How Within the chamber. A 
dielectrophoretic force is generated to act on the constituents 
of the sample. A magnetophoretic force is generated to act 
on the constituents of the sample. The dielectrophoretic 
force and magnetophoretic forces are balanced to position 
the constituents Within the chamber. The constituents are 
then collected at one or more outlet ports of the chamber 
according to the dielectric and magnetic characteristics of 
the constituents. The constituents may be collected as a 
function of time-of-eXit from the chamber and/or position 
Within the chamber. 
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METHOD AND APPARATUS FOR COMBINED 
MAGNETOPHORETIC AND 

DIELECTROPHORETIC MANIPULATION OF 
ANALYTE MIXTURES 

[0001] This application claims priority to provisional 
patent application Ser. No. 60/211,757 ?led Jun. 14, 2000, 
entitled, “Method and Apparatus for Combined Magneto 
phoretic and Dielectrophoretic Manipulation of Analyte 
Mixtures” by Peter R. C. Gascoyne, Jody V. Vykoukal, and 
Frederick F. Becker. The entire text of the above-referenced 
disclosure, including ?gures, is speci?cally incorporated by 
reference herein Without disclaimer. 

[0002] The following issued US. patents are hereby incor 
porated by reference: US. Pat. Nos. 5,858,192, 5,888,370, 
5,993,632, and 5,888,370. The folloWing patent applications 
are hereby incorporated by reference: pending US. patent 
application Ser. No. 09/249,955 for “Method and apparatus 
for programmable ?uidic processing” ?led Feb. 12, 1999; 
pending US. patent application Ser. No. 09/395,890 for 
“Method and apparatus for fractionation using generaliZed 
dielectrophoresis and ?eld ?oW fractionation” ?led Sep. 14, 
1999; provisional patent application Ser. No. 60/211,515 
?led Jun. 14, 2000 for “Dielectrically-Engineered Micro 
particles” ?led Jun. 14, 2000; provisional US. patent appli 
cation Ser. No. 60/211,514 for “Systems and methods for 
cell subpopulation analysis” ?led Jun. 14, 2000; and provi 
sional US. patent application Ser. No. 60/211,516 for 
“Apparatus and method for ?uid injection” ?led Jun. 14, 
2000. 

FIELD OF THE INVENTION 

[0003] The present invention relates to an apparatus and 
methods for combined magnetophoretic and dielectro 
phoretic manipulation. 

BACKGROUND OF THE INVENTION 

[0004] One of the most important capabilities that enables 
the characteriZation and preparation of bio-materials 
throughout the life sciences is the recognition of target 
components in a mixture and the ability to selectively 
manipulate, interact, and/or isolate them. Methods knoWn in 
the art to accomplish these steps include magnetic labeling 
techniques. In these methods, magnetically-susceptible par 
ticles (herein termed “magnetic labels” or “labels”) are used 
that can be attracted to a magnet and have modi?ed surfaces 
that bind preferentially to target particles, cells, or molecules 
(herein termed “target analytes”). The surface characteristics 
of the labels that provide for preferential binding can 
include, but are not restricted to, antibodies, chemically 
reactive groups, and receptor ligands. Such surface-modi?ed 
magnetically-susceptible labels tend to become attached to 
target analytes to Which they have preferential binding 
capacities Within a mixture of analytes. 

[0005] After attachment, the magnetic labels may be col 
lected by an inhomogeneous magnetic ?eld created by a 
magnet that is usually equipped With a mechanism for 
increasing the magnetic ?eld inhomogeneity in the vicinity 
of the labels. Analytes in the mixture having negligible 
magnetic susceptibility and that have not become bound to 
the magnetically susceptibility labels to form analyte-label 
complexes are not collected by the magnet and can be 
Washed aWay. Subsequently, the magnetic ?eld can be 
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removed and the analyte-label complexes can be released 
and collected in a separate fraction. 

[0006] Thus, by using these differential trapping charac 
teristics, current magnetic labeling methods alloW target 
analytes to be isolated from a mixture of particles, cells, or 
molecules. These magnetic labeling methods can be used to 
retain the target analytes for further processing, analysis, or 
study (knoWn in the art as “positive selection”). Alterna 
tively, the analytes that are not retained by the magnetic ?eld 
may be collected and used for further processing, analysis, 
or study (knoWn in the art as “negative selection”). While the 
use of magnetic labeling methods is Widespread, current 
methods have a number of signi?cant disadvantages. For 
example, because all magnetic labels in a mixture are 
attracted to the collection magnet regardless of any differ 
ences there may be in their surface modi?cation or binding 
state With target analytes, it is impossible to discriminate 
betWeen, and isolate, multiple target analytes simulta 
neously. It is also impossible to determine the extent to 
Which magnetic labels have bound a target analyte Without 
additional measurement steps after magnetic collection. For 
example, it is impossible to distinguish betWeen or isolate 
cell subpopulations that are characteriZed by variations in 
the number of labels bound to their surfaces since all cells 
that bind labels, regardless of the number, are collected by 
current magnetic methods. Finally, current methods depend 
on trapping the magnetic labels on surfaces in a collection 
chamber or column and the target analytes tend to be 
collected in clumps. This typically limits sample recovery 
because of adhesion to the chamber or column and may 
entrap unWanted unlabelled analytes Within the labeled 
analytes thereby limiting the purity of the recovered target 
analytes. 

[0007] A neWer approach to the discrimination, manipu 
lation, separation and isolation of target analytes from a 
mixture is based on the exploitation of the dielectric prop 
erties of the target analytes themselves or the use of dielec 
tric labeling techniques. In US. Pat. Nos. 5,993,630 and 
5,888,370 Which are hereby expressly incorporated herein 
by reference, certain of the inventors of the present appli 
cation teach the use of dielectrophoretic methods for the 
discrimination, separation and isolation of particles by 
exploiting their intrinsic dielectric properties in conjunction 
With the characteristics of a hydrodynamic ?oW pro?le. 

[0008] In a concurrently ?led provisional patent applica 
tion concerning dielectric beads for the identi?cation and 
sorting of target agents, the inventors teach methods by 
Which labels that incorporate useful dielectric and magnetic 
properties may be designed. Such labels alloW target ana 
lytes to be discriminated and manipulated by dielectro 
phoretic methods. By combining magnetic and dielectric 
properties as useful attributes of the labels, those methods 
alloW for additional levels of discrimination betWeen both 
the labels themselves and analyte-label complexes. For 
example, the disclosure teaches hoW different types of labels 
may be designed that have distinct “dielectric ?ngerprints” 
that alloW for the recognition of the different label types 
Within a “cocktail” of different label types. Because ana 
lytes, labels or analyte-label complexes do not have to be 
trapped in a column in order to achieve separations in these 
dielectric methods, they are less susceptible to entrapping 
unlabeled analytes Within clumps. In addition, all analytes 
can be kept aWay from potentially adherent surfaces during 
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dielectric separations so that sample recovery ef?ciency is 
improved. Nevertheless, the intrinsic dielectric properties of 
target particles, cells, or molecules, or of their dielectric 
labels may still not alloW for suf?cient discrimination 
betWeen multiple target analytes in complex mixtures. 

[0009] Furthermore, the existing dielectric methods hav 
ing the most discrimination betWeen different analytes 
(termed Dielectrophoretic Field-FloW Fractionation (DEP 
FFF methods) exploit a balance betWeen dielectrophoretic 
and sedimentation forces on analytes in the sample mixture. 
Such a balance can only be realiZed if there is a speci?c 
orientation of the apparatus With respect to a gravitational or 
centrifugal ?eld. This precludes or limits the use of the 
methods for applications in microgravity environments such 
as space. The need to attain a balance betWeen dielectro 
phoretic and sedimentation forces also places constraints on 
the relative densities of the suspending medium that carries 
the analyte mixture and the analytes to be separated. For 
example, the target analyte or, in the case of dielectric 
labeling, the analyte-label complex, must have a density that 
is slightly (typically 2-20%) higher than the suspending 
medium for effective DEP-FFF separation. Finally, because 
the sedimentation force acting on a target analyte or target 
analyte-label complex is usually small and uniform in space 
Within the separation chamber, it typically takes many 
minutes for analytes or analyte-label complexes to reach 
positions in the dielectric separation apparatus Where a 
balance of forces occurs. 

[0010] Thus it is often necessary to alloW a sample to sit 
for some “relaxation time” after it is introduced into a 
DEP-FFF separator to give analytes time to sediment before 
separation steps are initiated. Since this relaxation time is 
often comparable to the time taken to complete all of the rest 
of the separation steps combined, this step signi?cantly 
sloWs the separation procedure and is inconvenient. 

SUMMARY OF THE INVENTION 

[0011] To overcome these problems in both magnetic and 
dielectric separation methodologies, the present invention 
discloses novel labeling methodology and manipulation 
procedures in Which target analyte-label complexes are 
subjected to not only magnetic but also dielectric forces 
simultaneously. The use of tWo externally applied and 
controllable forces rather than one introduces versatility for 
manipulation of the labels and a greatly improved ability to 
discriminate betWeen analyte-label complexes. 

[0012] The methods disclosed herein depend upon posi 
tioning target analytes to different heights Within a hydro 
dynamic ?oW pro?le. Whereas previous methods achieved 
such positioning through the balance of gravitational and 
dielectrophoretic forces, the present invention achieves posi 
tioning through a balance of dielectric and magnetic forces. 
Speci?cally, disclosed herein is a neW apparatus and meth 
ods that alloW dielectrophoresis, magnetopheresis and 
hydrodynamic effects to be exploited simultaneously for the 
discrimination, manipulation, fractionation, identi?cation 
and/or isolation of analytes. 

[0013] The folloWing objects of the present invention are 
made possible as a result of this enhancement. First, the 
methods of the present invention alloW several target ana 
lytes to be discriminated and isolated simultaneously in a 
single separation step. Second, target analytes do not have to 
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be collected in the separator and, indeed according to the 
present invention, can be prevented from contacting any 
surface to Which they may adhere during separation. This 
not only greatly reduces the problem of trapping of 
unWanted analytes Within target analyte fractions, but also 
improves analyte recovery efficiencies. Third, apparatus 
according to the present invention can operate in any ori 
entation, as Well as in microgravity environments. Fourth, it 
is an object of the present invention to obtain discrimination 
that is much greater than that obtainable by previous meth 
ods. Fifth, because both the magnetophoretic (MAP) and 
dielectrophoretic (DEP) force ?elds used to position the 
analyte-label complexes are inhomogeneous in space, the 
positioning force may be greater than a sedimentation force, 
thus positioning according to the present invention can occur 
quicker than in cases Where gravitational sedimentation is 
used. This reduces or eliminates the “relaxation time” prior 
to separation. Sixth, the present invention introduces 
improvements that alloW bead labeling methodologies to be 
fully exploited. 

DETAILED DESCRIPTION 

[0014] To fully understand the neW methods it is helpful to 
introduce the key physical principles that underlie their 
operation. To accomplish this, dielectrophoretic and mag 
netophoretic forces are discussed and shoWn to vary spa 
tially in the vicinity of arrays of electrodes (as used herein, 
“electrode” means any electric pathWay, for example an 
array of conductors) and magnetrodes (as used herein, 
“magnetrode” means any magnetic pathWay, for example, a 
strip of paramagnetic material having a high permeability), 
shoW the conditions for these forces to be brought into 
balance When they act on bodies having both dielectric and 
magnetic susceptibilities, and discuss hydrodynamic ?oW 
pro?les. Exemplary embodiments and applications Will then 
be given. 

[0015] 1) The Dielectrophoretic Force, FDEP 

[0016] Consider a particle (Which may include a solid, 
cell, virus, bacterium, molecule, or any other localiZed 
arrangement of matter that is distinct from and carried 
Within a suspending medium) of volume v and complex 
permittivity 6*}, suspended in a medium of real permittivity 
6*5 and complex permittivity 6*5 that is subjected to simul 
taneous dielectrophoretic (DEP) and magnetophoretic 
(MAP) forces. What if these forces are imposed by arrays of 
electrodes and magnetrodes that give rise to electrical and 
magnetic ?eld inhomogeneity distributions? Let us further 
assume that at a given point in space With coordinates x, y, 
Z referred to the electrode/magnetrode coordinates frame, 
the electric and magnetic ?elds are E(x, y, Z) and H(x, y, Z), 
respectively. (It is to be understood that the magnetic ?eld 
may also be generated by an array of permanently magnetic 
elements for the purposes of this disclosure). 

[0017] According to the dipole approximation, the DEP 
force is given by: 

[0018] See equation 1 of Table 1. 

[0019] Here, R is the radius of the particle, Which for 
simplicity is assumed to be spherical, the fCM factor is the 
Clausius-Mossotti factor, Which re?ects the frequency-de 
pendent dielectric polariZability of the particle With respect 
to its suspending medium, and (DE is the frequency of the AC 
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electrical ?eld. It is understood that in the case of non 
spherical particles and to describe situations in Which qua 
druple and higher order DEP force components are signi? 
cant, more complicated expressions than equation (1) Will 
apply as is knoWn in the art (see for example the analysis of 
higher order poles set forth in X. J. Wang et al). 

[0020] Further background on dielectrophoretic forces 
may be found in Thomas B. 

[0021] Jones, “Electromechanics of Particles,” Ch. 3 
(Cambridge University Press, 1995). 
[0022] 2) The Magnetophoretic Force, FM AP 

[0023] A particle of volume v and magnetic permeability 
p’kp placed into an inhomogeneous magnetic ?eld Will expe 
rience a magnetophoretic force 

[0024] See Equation 2 of Table 1 

[0025] Here, #5 is the magnetic permeability of the sus 
pending medium, R is the radius of the particle, and the kcrn 
factor is the magnetic Clausius-Mossotti factor describing 
the magnetic polariZability of the particle With respect to its 
suspending medium. Here (DH is the frequency of the applied 
magnetic ?eld and Will have the value 0 for a static ?eld. In 
analogy With the dielectric equation (1), p5 and up are the 
complex permeabilities of the suspending medium and par 
ticle, respectively. In the case of a static magnetic ?eld, these 
reduce to the real, static magnetic permeability parameters 
#5 and up, respectively. 

[0026] The inventors note that equation (2) is the magnetic 
analog of dielectric equation Alternately, if the particle 
has a permanent volume magnetiZation m, then the magne 
tophoretic force Will be 

[0027] See Equation 3 of Table 1 

[0028] It is possible for a particle to have both permanent 
and inducible magnetic polariZation components. In that 
case a combination of equations (2) and (3) may apply. For 
example, a particle may have a high permeability and at the 
same time demonstrate magnetic remnance. 

[0029] Further background on magneticophoretic forces 
may be found in Thomas B. Jones, “Electromechanics of 
Particles,” Ch. 3 (Cambridge University Press, 1995). 

[0030] 3) Spatial variations of electric and magnetic Fields 

[0031] Assume that the inhomogeneous electrical and 
magnetic ?elds are created by applying an alternating volt 
age to an electrode array and a magnetiZing force to a 
magnetrode array. FIG. 1 represents an electrode array 
comprising a conductor (e.g., 0.5 pm thick layer of gold) 
patterned on a non-conducting substrate (e.g., glass). While 
the electrode elements (2 and 3) are parallel, hinging effects 
create spatially inhomogeneous electrical ?elds above and 
beloW the plane of the electrode elements if an electrical 
voltage is applied betWeen electrode buses 1 and 4. Analysis 
of the inhomogeneous electrical ?eld above the electrode 
plane here, as discussed in X. J. Wang et al. (Exhibit C), 
reveals that the dielectrophoretic force experienced by a 
particle placed in this fringing ?eld region Will depend upon 
the distance of the particle from the plane of the electrodes 
according to the approximate relationship: 

[0032] See Equation 4 of Table 1 
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[0033] Here FDEPO is a constant for a given applied 
voltage and given particle properties, h is the distance of the 
particle from the electrode plane, and hDEP is a constant that 
depends on the geometry of the electrode array. 

[0034] A magnetic analog for this also applies. If the 
electrodes 2 and 3 of FIG. 1 are considered to be magnet 
rodes (e.g. thin ?lm magnetrodes) instead of electrodes and 
if a magnet is connected With poles at buses 1 and 4, then a 
spatially inhomogeneous magnetic ?eld Will be created 
above and beloW the plane of the thin ?lm magnetic ele 
ments. A magnetically susceptible (or permanently mag 
netic) particle placed in the vicinity of the magnetrode array 
Will experience a magnetophoretic force according to equa 
tion (2) (or equation In analogy With the electrical case, 
the particle Will experience a magnetophoretic force that 
falls With increasing distance h from the plane of the plane 
of the magnetic tracks according to the relationship: 

[0035] See Equation 5 of Table 1 

[0036] Where hM AP is a decay constant. Here FM APO is a 
constant for a given strength of the magnet applied betWeen 
the magnetrode buses 1 and 4 and for given magnetic 
properties of the particle. 

[0037] NoW consider the case Where electrical and mag 
netic forces are applied simultaneously. Both electrode and 
magnetrode arrays may be present simultaneously on a 
supporting substrate. Further, the geometric characteristics 
of the electrode and magnetrode arrays may be similar or 
dissimilar. When geometrical dissimilarity exists, or other 
prevailing conditions act to distort the magnetic or electric 
?eld With respect to one another, the value of the parameters 
hDEP and hMAP Will differ from one another and the electrical 
and magnetic forces acting on a particle Will exhibit different 
dependencies on the particle distance from the plane of the 
electrodes and magnetrodes. 

[0038] While magnetophoretic forces are usually positive 
(i.e. attractive) in sign in biological labeling applications, 
conditions may be chosen to make the dielectrophoretic 
forces negative in such applications. In this case it is 
possible for the dielectrophoretic and magnetic forces acting 
on a particle to oppose one another. If hDEP<hMAP in 
equations (4) and (5), then it is possible to ?nd a unique 
value for the distance h from the electrode and magnetrode 
plane Where the forces balance, using equations (1) and (2) 
as: 

[0039] See Equation 6 of Table 1 

[0040] Where GDEP and GMAP are geometrical functions 
relating to the spatial characteristics of the electrode and 
magnetrode elements, V0 is the voltage applied to the 
electrode buses, and B0 is the magnetic ?eld applied to the 
magnetrode buses. This equation reveals that a particle Will 
come to an equilibrium at a height h from the plane of the 
electrodes and magnetrodes (assuming these elements are 
coplanar) When: 

[0041] See Equation 7 of Table 1 

[0042] giving h=See Equation 8 of Table 1 

[0043] Alternately, if the particles have a permanent mag 
netic moment or their magnetic moment has reached a 
saturation value, then the magnetophoretic force described 
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in equation (3) Will fall according to relationship (5) and the 
decay constant hM AP in 

[0044] Equation 8A of Table 1 

[0045] Will differ from the dielectrophoretic decay con 
stant hDEP, even if the geometry of the electrode and 
magnetrode arrays are identical. In this case, equilibrium 
height is attained When: 

[0046] See Equation 9 of Table 1 

[0047] giving h=See Equation 10 of Table 1 

[0048] In this case the dielectrophoretic and magneto 
phoretic ?elds can be generated from a spatially coincident 
electrode-magnetrode structure. Note also in this case that 
While the dielectrophoretic force depends on the square of 
the applied voltage, the magnetic force depends linearly on 
the applied magnetic ?eld. It is assumed in equation (10) that 
the magnetic ?eld, of the magnetic particle remains aligned 
With the magnetic ?eld from the magnetrode array. If 
magnetic particles are unable to fully align in this Way With 
the applied magnetic ?eld, then the magnetophoretic force 
Will be smaller than that given by equation (3), as is knoWn 
in the art. Note also that the height at Which DEP and MAP 
forces balance Will be described by an alternative set of 
equations if the magnetrodes and electrodes are not coplanar 
and that alternative equations may be derived to describe the 
dielectrophoretic and magnetophoretic forces for other con 
?gurations of electrodes and magnetic elements. This dis 
closure is intended to cover all such cases and the above 
equations are meant to be for illustrative purposes in teach 
ing the art. 

[0049] 4) Hyperlayer Field FloW Fractionation 

[0050] A ?uid moving under a laminar ?oW regime 
through a thin channel assumes a hydrodynamic ?oW pro?le 
Whereby the velocity of the ?uid increases With distance 
from the channel Walls up to a maximum velocity at the 
center of the channel. If the ?oW pro?le is parabolic, for 
example, then the velocity is given by 

[0051] See Equation 11 of Table 1 

[0052] Where h is the distance from the channel Wall, D is 
the height of the channel, and <v> is the mean velocity of the 
?uid in the channel. 

[0053] The method of ?eld-?oW fractionation depends upon positioning particles Within a hydrodynamic 

?oW pro?le by one or more applied force ?elds Which 
differentially affect particles having different physical prop 
erties. Particles positioned at different heights in a ?oW 
pro?le through the in?uence of the force ?elds are carried by 
the ?uid at different speeds and are thereby separated. 

[0054] The present invention discloses methods by Which 
the positions of particles to be separated are controlled 
Within a hydrodynamic ?oW pro?le by balancing opposing 
dielectrophoretic and magnetic forces. It is understood, 
hoWever, that gravitational forces may also act on the 
particles and affect their positions or velocities in the hydro 
dynamic ?oW pro?le. In such cases, a combination of 
gravitational, electric and magnetic forces Will determine 
particle positions and velocities. The effect and use of 
gravity in DEP-FFF applications has been described in US. 
Pat. Nos. 5,993,630 and 5,888,370 already incorporated 
herein by reference. 

Mar. 28, 2002 

[0055] To exploit DEP and MAP forces for positioning 
particles, a channel is utiliZed that incorporates electrodes 
and magnetrodes (or permanently magnetic elements) that 
generate inhomogeneous electric and magnetic ?elds Within 
the channel. These ?elds create dielectrophoretic and mag 
netophoretic forces on particles Within a carrier ?uid intro 
duced into the channel. The position of the particles With 
respect to the channel is in?uenced by these forces. If the 
carrier ?uid ?oWs through the channel, then the velocity of 
the ?uid at a given position in the channel Will depend upon 
that position, and the velocity With Which a particle Will be 
carried by the ?uid Will therefore be in?uenced by the effect 
of the dielectrophoretic and magnetophoretic forces on the 
particle position. 

[0056] For example, if a given particle is susceptible to 
both magnetic and dielectric forces, its height may be 
controlled by the balance of dielectrophoretic and magne 
tophoretic forces according to equation (8) or equation (10) 
and the ?uid Will carry the particle at a velocity given by 
equation (11). The MAP and DEP forces acting on a particle 
18 and the hydrodynamic ?oW pro?le 16 are shoWn in FIG. 
2A. As shoWn in FIG. 2A, the dielectrophoretic force 10 
opposes the magnetophoretic force 12. FloW arroW 14 shoWs 
the direction of ?uid ?oW Within the chamber 20. Further 
shoWn in FIG. 2A, is the hydrodynamic pro?le 16, Which in 
the exemplary embodiment is a parabolic ?oW pro?le. Also 
shoWn in the exemplary embodiment of FIG. 2A are elec 
trode elements 22 and magnetic elements 24. The movement 
of particles to characteristic heights is represented in FIG. 
2B, in Which the ?uid ?oWs sloWly from left to right. In 
practice, larger or similar smaller differences in character 
istic heights than those shoWn in FIG. 2B may be exploited 
for analyte discrimination and separation. 

[0057] Particles possessing similar physical properties 
Will all be positioned at the same characteristic height in the 
?oW channel and therefore be transported by the ?uid at the 
same rate. Particles having different physical properties Will 
be positioned at different characteristic heights Where the 
?uid ?oW velocity is different. Therefore, they Will be 
transported through the chamber at different rates. Using this 
principle, the fractionation of a mixture of different particle 
types can be accomplished. For example, if a sample con 
taining a particle mixture is introduced at one end of such a 
?oW chamber and carried through the chamber by ?uid ?oW, 
then different particle types Will be carried at different 
velocities and emerge from the outlet end of the ?oW 
chamber at different times Where they may be collected in 
separate fractions. The time taken for a given particle to 
travel from the inlet to the outlet end of the ?oW channel is 
knoWn in the art as its “retention time”. The present inven 
tion concerns the combination of dielectrophoretic, magne 
tophoretic and hydrodynamic principles to control the posi 
tions and/or retention times of particles in a channel for the 
purposes of fractionation, separation, isolation, identi?ca 
tion and characteriZation of analytes. 

[0058] Dielectric and Magnetic Properties of Particles 

[0059] The factors in?uencing the dielectric and magnetic 
properties of particles are Well knoWn in the art. In the case 
Where the particle is comprised of an analyte-label complex, 
it should be appreciated that the properties of the complex 
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Will, in general, differ from those of an uncomplexed analyte 
or an uncomplexed label. This has important implications 
for the discriminating ability of the invention disclosed 
herein. Speci?cally, it should be recognized that the asso 
ciation of a magnetic label With a non-magnetic analyte Will 
result in a magnetic analyte-label complex that has dielectric 
properties that differ from those of either the label or the 
analyte, and magnetic properties that differ from those of the 
analyte. 
[0060] In general, the label and analyte Will contribute 
dielectric and magnetic properties to the complex that 
depend on their relative permitivities, permeabilities, vol 
umes, and in?uences on the charge distributions of the 
suspending medium. Because the separations describe 
herein depend upon a balance of dielectrophoretic and 
magnetophoretic forces, analyte-label complexes Will there 
fore usually exhibit elution characteristics in a DEP-MAP 
separator that differ from those of labels having no associ 
ated analytes. 

[0061] The methods according to the present invention 
therefore alloW labels to be discriminated and separated 
according to their association state With respect to analytes. 
For example, cells that have bound different numbers of 
magnetic labels Will exhibit different characteristics during 
separation, alloWing for their discrimination, characteriZa 
tion, and isolation. Therefore, cells having feWer binding 
sites for antibodies against EGF receptors may be separated 
from cells having a greater number of receptors, for 
example. As another example, labels that are uncomplexed 
can be separated from labels that are associated With cells, 
particles, molecules and other target analytes. 

[0062] In addition, “cocktails” consisting of different 
types of labels may be produced in Which each type of label 
has a different dielectric and magnetic “?ngerprint”. Each 
type of label in the mixture may then be independently 
discriminated, separated, identi?ed, and characteriZed 
according to its respective binding state With a different 
target analyte. Such cocktails of labels alloW for the simul 
taneous analysis of multiple analyte targets Within a mixture 
in a single separation step. 

[0063] In?uence of Gravity 

[0064] FIG. 2A shoWs the MAP and DEP forces acting on 
particles Within a separator and acting to position particles at 
equilibrium positions (FIG. 2B). It is to be understood When 
separations are conducted in a gravitational ?eld, as they are 
on earth, that a force of gravity Will also act on the particles. 
The magnitude of this force acting on a particle is Fsedimenr 
vg(dp—ds), Where v is the particle volume, dp is its density, 
and d5 is the density of the suspending medium. The direc 
tion of the gravitational force With respect to the force 
diagram in FIG. 2A Will depend upon the orientation of the 
separator embodiment With respect to the earth’s gravita 
tional ?eld. If the gravitational force has a component in the 
same direction as FMAP or FDEP7, then it Will also tend to 
in?uence the position of the particle. Therefore, equations 
(8) and (10) may, in practice, need to be modi?ed by the 
addition of a gravitational force term. In addition, if the 
gravitational force has a component that acts in or against 
the direction of ?uid ?oW in FIG. 9A, then the velocity of 
the particle given by equation (11) Will be modi?ed by the 
addition of a sedimentation velocity term. For example, if 
the gravitational force acts in the direction of ?oW, the 
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additional sedimentation velocity component given, by 
Stoke’s laW, as 

[0065] It is to be understood that these gravitational effects 
may be eliminated by appropriate alignment of the separa 
tion apparatus With respect to the gravitational ?eld, or that 
they may be exploited in order to take advantage of density 
characteristics of the labels, analytes or analyte-label com 
plexes. 

[0066] Finally, it should be noted that the electrical ?elds 
used to provide the DEP force are easily sWitchable and may 
be customiZed to particular applications and programmed 
during separations to achieve speci?c desired types of 
discrimination. The process of changing the ?eld over time 
during separation is called programming. Use of program 
mability to improve DEP-EFF separations is described in 
pending US. patent application Ser. No. 09/249,955, Which 
is expressly incorporated herein by reference. It is to be 
understood that the magnetic ?eld may also be programmed 
to further enhance the ?exibility, discrimination and capa 
bilities of the invention disclosed herein. 

[0067] Exemplary Embodiments 

[0068] TWo exemplary embodiments of separators are 
described that exploit analyte positioning by a combination 
of dielectrophoretic and magnetophoretic forces. In the ?rst 
embodiment, Which does not exploit the ?oW velocity pro 
?le of the carrier ?uid and is suitable for continuous pro 
cessing of samples, analyte mixtures may be ?oWed con 
tinuously through a chamber equipped With arrays of 
electrodes and magnetrodes. Analytes are then subjected to 
the combined dielectrophoretic and magnetophoretic forces 
resulting from the electric and magnetic ?elds. Providing 
they spend suf?cient time Within the ?oW channels, these 
forces move analytes sufficiently close to characteristic 
positions in the carrier medium ?oW pro?le stream at Which 
the DEP and MAP forces balance so that they may be 
identi?ed, separated, or isolated. Therefore, analytes emerge 
from the ?oW channel at positions that depend on their 
dielectric and magnetic characteristics. Different analytes 
may be characteriZed or separated according to the positions, 
With respect to the ?oW channel Walls, at Which they exit the 
?oW channel by use of an appropriate arrangement of exit 
ports. 

[0069] In the second type of embodiment, in Which the 
?oW velocity pro?le of the carrier ?uid is exploited and 
Which is best suited to batch processing of samples, a similar 
apparatus and mode of operation is employed, except that 
the sample analyte mixture is injected as a single sample that 
is usually much smaller in volume than the separation 
chamber. This aliquot is then carried through the ?oW 
channel by a carrier medium. Again, provided they spend 
suf?cient time in the DEP and MAP ?elds, analytes move 
suf?ciently close to positions in the carrier ?uid ?oW pro?le 
Where the DEP and MAP forces acting on them are balanced 
so that they may be discriminated or separated. Because the 
analytes are then carried at different speeds according to 
their positions in the carrier medium ?oW pro?le, they 
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emerge from the How channel at different characteristic 
times. It should be understood that a “suf?cient time”, as 
used above, means that analytes, labels and analyte-label 
complexes spend enough time in the MAP and DEP force 
?elds to move to positions at Which they may usefully be 
discriminated, detected, or separated. In practice, this may 
be less than the time taken for them to come to positions 
Where the MAP and DEP forces exactly balance. 

[0070] Speci?c aspects of the apparatus for the tWo 
embodiments Will noW be described. Except for the exit 
ports, Which must be multiple to achieve separation and 
isolation of analytes for the continuous mode embodiment, 
other aspects of the tWo embodiments may be identical. 
HoWever, it is to be understood that the embodiment having 
multiple outlet ports may also be operated in batch mode. 

[0071] Exemplary electrode arrays for dielectrophoretic 
manipulations are shoWn in FIGS. 2 and 3. These are planar 
arrays consisting of a thin ?lm of conductor, such as gold or 
the like, patterned onto a supporting substrate, such as glass 
or the like. These arrays may be fabricated by knoWn 
photolithographic and ebeam patterning techniques. Elec 
trode arrays like these, or of different forms, may be used to 
provide DEP forces in the separators disclosed herein. 
Electrodes may be electroplated, printed, etched or af?xed to 
the chamber Walls, or otherWise positioned in or around the 
How channel to create an inhomogeneous electrical ?eld in 
the How channel When they are connected to a signal 
generator. 

[0072] Exemplary magnetrode arrays for magnetophoretic 
manipulations may have similar or different patterns to those 
shoWn in FIG. 3. In the magnetic case, the magnetrodes may 
consist of thin ?lm metals, alloys, or magnetically suscep 
tible materials such as magnetic ceramics or ferrites, mag 
netically susceptible Wires, or strips, Wires or other arrange 
ments of permanently magnetic material. These may be 
attached to the chamber Walls or positioned in any location 
at Which they result in the ability to provide an inhomoge 
neous electrical ?eld Within the How channel. 

[0073] Exemplary electrode and magnetrode combina 
tions suitable for simultaneously providing magnetic and 
electric ?elds are shoWn in cross-section in FIGS. 4A-C. 
FIG. 4A shoWs an exemplary structure in Which the elec 
trode and magnetrode elements are combined. Speci?cally, 
FIG. 4A shoWs electrodes 22 disposed above magnetrodes 
24, Which is disposed on structure 26. In alternate embodi 
ments, the magnetrodes 24 may be placed above electrodes 
22. Such a structure may be, for example, lithographically 
patterned from a single photo mask. More complex pattern 
ing schemes in Which the geometry of the magnetrode and 
electrode elements differ may be fabricated using tWo or 
more patterning masks for photolithography as shoWn in the 
example FIG. 4B. As shoWn in FIG. 4B, the electrode 
elements 22 are located adjacent the magnetic elements 24. 
Other methods knoWn in the art may be used to create 
electrode and magnetrode arrays. It is understood that an 
additional electrode or electrode array may be incorporated 
elseWhere in the chamber as illustrated, for example, in FIG. 
4C. As shoWn in FIG. 4C, in addition to the primary 
electrode structure 22, a secondary electrode structure 28 is 
disposed on an opposing substrate 30. In exemplary embodi 
ments, the secondary electrode structure 30 may be the same 
thickness and Width as the primary electrode structure 22, or 
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it may be of different siZe. Exemplary electrical excitation 
schemes are shoWn in FIG. 5. 

[0074] Exemplary magnetic ?eld excitation schemes are 
shoWn in FIG. 6. Arrays of permanently magnetic materials 
taking the forms shoWn in FIG. 2 or any other form may also 
be used to provide the magnetic ?eld in the How channel 
Without the need for a external magnet (FIG. 7A). An array 
of magnetrodes may also be used to introduce inhomoge 
neity in a magnetic ?eld derived from magnetic poles placed 
outside the chamber Without the need for a magnetrode 
pathWay to the array as shoWn in FIG. 7B. 

[0075] An exemplary embodiment of a separator using the 
dielectric and magnetic separation principle for batch mode 
separation is shoWn in enlarged form in FIG. 8. FIG. 8 
shoWs an enlarged vieW of a thin chamber I comprised of 
tWo sideWalls II and III that sandWich a gasket III into Which 
a slot IV has been cut. When assembled, the chamber is 
tightly held together by clamping and/or gluing, for 
example, in such a manner that the gasket slot becomes the 
How channel. An entry port V and exit port VI alloW for 
ingress and regress of carrier ?uid and sample. In practice 
there may be multiple ports V and VI. 

[0076] In alternate embodiments, the How channel may be 
derived from a slot cut directly into one or both of the side 
Walls by etching, machining, ablation, lithographic means, 
or by any other procedures knoWn in the art. Alternately, the 
How channel may be derived from material that is applied to 
one or both side Walls by sputtering, spin coating, printing 
or thin ?lm deposition, may be cut or formed into the body 
of the device, or may be injection molded, produced by any 
other procedures knoWn in the art. 

[0077] Arrays of electrodes VII and magnetrodes VIII are 
present in the How channel. These may be Within the channel 
interior itself, be supported by one or more Walls of the 
chamber, or be outside the chamber. Electrical signals are 
connected from a single generator IX. A magnetic ?eld is 
provided from magnet X via buses XI and XII to the 
electrodes and magnetrodes, respectively. 

[0078] A second embodiment for continuous mode sepa 
ration is shoWn in FIG. 9. FIG. 9 shoWs an alternate 
embodiment Wherein all elements of the diagram With the 
exception of the outlet port VI are the same as described in 
FIG. 8. In FIG. 9, the outlet port arrangement comprises 
multiple ports con?gured so as to collect bands of ?uid that 
travel through the How chamber at certain de?ned distances 
from the electrode and magnetrode elements and from the 
Walls of the How chamber. Speci?cally, FIG. 9a shoWs hoW 
carrier ?uid traveling through the How channel at different 
distances from the How channel Walls can be removed from 
the How channel through, for example, six exit ports. Ana 
lytes or labels or analyte-label complexes carried in the 
carrier medium at different distances from the chamber ?oor, 
at bottom of the diagram, are thereby caused to exit through 
different exit ports. 

[0079] Description of Batch-mode Operation 

[0080] In an exemplary separation using the batch mode, 
the folloWing steps are undertaken: 

[0081] (1) A sample containing one or more analytes 
is mixed With labels having dielectric and magnetic 
properties and binding affinity to one or more types 
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of target analyte. If desired, labels having distin 
guishable magnetic and dielectric properties and 
binding af?nities for different analytes may be used 
in combination in this step. 

[0082] (2) After an incubation period that is suf?cient 
to ensure adequate binding betWeen target analytes 
and labels, a measured aliquot of the analyte/label 
mixture is injected into the inlet end of the separation 
channel. 

[0083] (3) Magnetic and AC electrical ?elds are 
applied to the magnetrode/electrode arrays in the 
separation channel. This step may precede or folloW 
the sample injection step. 

[0084] (4) FolloWing a suitable relaxation time dur 
ing Which analytes and analyte-label complexes 
approach sufficiently close to positions With respect 
to the electrode and magnetrode arrays Where the 
MAP and DEP forces balance, How of carrier 
medium is initiated at the inlet end of the separation 
channel. 

[0085] (5) The carrier medium establishes a hydro 
dynamic ?oW pro?le Within the separation channel 
and carries analytes and analyte-label complexes 
through the separation channel at velocities depend 
ing on their positions With respect to the channel 
Walls. This position depends upon the applied mag 
netic and AC electrical ?elds and may, in exemplary 
embodiments, be in?uenced by the hydrodynamic 
?oW pro?le and by gravity. 

[0086] (6) Different analytes and analyte-label com 
plexes Will emerge from the outlet end of the cham 
ber at different times and may be collected in sepa 
rate fractions or detected by various measurement 
methods. Because analyte-label complexes having 
similar magnetic and dielectric properties Will be 
positioned similarly by the synergistic action of the 
magnetic and dielectric forces acting in the separa 
tion channel, they Will be carried at similar velocities 
by the carrier medium and Will emerge together at 
the channel outlet in a single elution peak. In con 
trast, analytes and analyte-label complexes having 
different properties Will be differentially positioned 
by the synergistic action of the magnetic and electric 
?elds, Will be carried at different velocities by the 
carrier medium, and Will emerge from the channel 
outlet at different times. In this Way, a mixture of 
analytes may be discriminated and separated tempo 
rally into several characteristic peaks or bands. 
Either of the exemplary embodiments may be oper 
ated in batch mode. 

Description of Continuous Mode Operation 

[0087] (1) A sample containing one or more analytes 
is mixed With labels having dielectric and magnetic 
properties and binding af?nity to one or more types 
of target analyte. If desired, labels having distin 
guishable magnetic and dielectric properties and 
binding af?nities for different analytes may be used 
in combination in this step. The mixture is alloWed to 
incubate for sufficient time that adequate binding 
betWeen target analytes and labels occurs. 
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[0088] (2) Magnetic and AC electric ?elds are 
applied to the magnetrode and electrode arrays in the 
separator channel. 

[0089] (3) The analyte/label mixture from (1) is con 
tinuously injected into the inlet port of the How 
channel. 

[0090] (4) Carrier medium is WithdraWn from mul 
tiple exit ports of the separator (see FIG. 9). Differ 
ent analyte fractions emerge from each port. 

[0091] In this Way a mixture of analytes and analyte-label 
complexes may be continuously separated into fractions that 
emerge from different exit ports. 

[0092] Release of Magnetic Particles by Dielectrophoretic 
Forces 

[0093] The invention disclosed herein describes methods 
for analyte, label and analyte-label complex discrimination 
that depend upon an interaction (speci?cally a balance) of 
MAP and DEP forces. 

[0094] DEP forces may also be used to overcome a 
common problem associated With permanent magnets in 
magnetic labeling applications. Speci?cally, current mag 
netic separation technologies depend upon the ability to 
remove the magnetic ?eld in order to release the magnetic 
labels and analyte-label complexes after they have been 
collected. Magnetic separations are normally accomplished 
by using a separation chamber or separation column to 
Which a magnetic ?eld is applied by exterior means, such as 
a permanent magnet or an electromagnet. After collection of 
the magnetic labels and analyte-label complexes, the sepa 
ration chamber or column must be removed from the vicin 
ity of the permanent magnet, or the electromagnet turned off, 
so that the labels and label-analyte complexes are released. 
This requirement to remove the magnetic ?eld in order to 
release the collected analytes precludes the use of permanent 
magnets or arrays of permanent magnets that are located 
Within the separation chamber itself. 

[0095] The present invention alloWs this limitation to be 
overcome. This is because apparatus according to the 
present invention alloW for the magnetic labels and label 
analyte complexes to be repelled from the magnetic ele 
ments in the collection chamber by DEP forces. For 
example, FIG. 6A shoWs a separation chamber having an 
integral array of permanent magnets. 

[0096] ElseWhere in this speci?cation, it is assumed that 
the DEP force is suf?cient to prevent attachment of the 
magnetic labels and analyte-label complexes to the magne 
trodes or permanent magnetic elements. HoWever, in an 
alternate mode of operation, the DEP force is sWitched off or 
kept at a loW level While the magnetic ?eld is present. In the 
absent of a counterbalancing DEP force, the magnetic labels 
and analyte-label complexes are attracted to, approach, and 
contact the magnetic elements and become immobiliZed on 
them. In this mode of operation, the separation chamber 
therefore initially functions like a conventional magnetic 
separation chamber or column and retains the labels and 
analyte-label complexes from the suspending medium. 

[0097] After collection, hoWever, the DEP force is 
sWitched to a sufficiently high level to repel and dissociate 
the collected magnetic labels and analyte-label complexes 
from the magnetic elements Without the need to remove the 
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magnetic ?eld. It should be noted that the dissociation of the 
magnetically collected species by the DEP force by raising 
the voltage applied to the electrode array from a small to a 
high volume over a period of time, different labels and 
analyte-label complexes may be released at different times 
and may be ?ushed from the separation chamber and col 
lected in different fractions. 

[0098] This mode of operation alloWs permanent magnetic 
elements to be incorporated into separation chambers, a 
feature that is especially useful in micro?uidic embodi 
ments. By alloWing the incorporation of permanent magnet 
elements, the need for more poWerful external magnets is 
eliminated. Alternately, by eliminating the need to remove 
the magnetic ?eld, ?xed external magnets may be used if 
desired. 

[0099] Exemplary Applications 
[0100] Using apparatus and methods according to the 
present invention, various matter may be magnetiZed. Par 
ticularly, With the present invention, discrimination, separa 
tion, identi?cation, detection, manipulation and isolation of 
the folloWing matter may be accomplished: 

[0101] (a) 
example: 

cell subpopulations including, for 

[0102] blood cells in accordance With their anti 
body and dielectric pro?les (such as CD34+, 
CD8+, CD4+, CD14+, CD18+, CD5+, etc.); 

[0103] rare cells from blood such metastatic cells 
(such as EGF+, CD5+, epithelial marker+, etc.); 

[0104] 
[0105] nucleated fetal cells from maternal ?uids 

(such as erythrocytes from maternal blood, chord 
blood, amniotic ?uid, etc.); 

target cells from needle biopsies; 

[0106] gram negative from gram positive bacteria; 

[0107] parasites and parasitiZed cells, such as 
malaria, from body ?uids and normal cells; 

[0108] bacteria from blood, urine, saliva, amniotic 
?uid, needle biopsies; 

[0109] (b) mycoplasma, fungal, and viral particles 
subpopulations including those from blood, urine, 
saliva, amniotic ?uid, needle biopsies; 

[0110] (c) potentially pathogenic cells, viral particles, 
mycoplasma, fungal spores, bacterial spores from 
the environment for Water analysis in public health 
maintaining food processing plants, food distribu 
tion, restaurants, homes, bioWarefare, bioterrorism 
detection. 

[0111] (d) molecular subpopulations including pro 
teins (such as in diagnostics and prognostics, sepa 
rations for biotechnology, research, pharmaceuti 
cals); 
[0112] nucleic acids (such as in diagnostics and 

prognostics, biotechnology, gene therapy, 
research, pharmaceuticals); 

[0113] lipids (such as in diagnostics and prognos 
tics, biotechnology, gene therapy, research, phar 
maceuticals) 
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[0114] complex molecules (such as in diagnostics 
and prognostics, biotechnology, gene therapy, 
research, pharmaceuticals); 

[0115] (e) minerals such as for ben?cation of ores, 
environmental samples, diagnostic and prognostic 
samples (such as deposits, bone, etc.); 

[0116] for space medicine (gravity-, centrifuge-, 
large magnet-free separations); 

[0117] (g) cellular organelles and other biological 
structures including, 

[0118] nuclei, chromosomes, ribosomes 

[0119] mitochondria 

[0120] endosomes, blebs, peroxisomes, and other 
liposomal entities 

[0121] membranes associations including endo 
plasmic reticulum, plasma membrane, nuclear 
membrane, viral capsules, bacterial complexes, 
spore assemblies, etc.; and 

[0122] (h) cells, organelles or other particles With 
respect to the extent of binding to labels. (For 
example, different cell subpopulations characteriZed 
by different numbers of EGF receptors may be 
discriminated by labels modi?ed With monoclonal 
antibodies for EGF). 

TABLE 1 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) giving 

(83) 

(9) 

(10) giving 

FDEP + FMAP = 27155113 fcm(5:a 8;, MGDEPVZB’h/hDEP + 

Mme”; l4; MGMAPBZWWP 
: 0 

: e hDEPhMAP 

mGMApB0 _ hDEPhMAP 

hDEP — hMAP mGMApBg 
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TABLE 1-continued 

(11) 1 h h 
W = 5%[1- 5] 

[0123] All of the compositions and/or methods disclosed 
and claimed herein can be made and executed Without undue 
experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been 
described in terms of speci?c embodiments, it Will be 
apparent to those of skill in the art that variations may be 
applied to the compositions and/or methods and in the steps 
or in the sequence of steps of the method described herein 
Without departing from the concept, spirit and scope of the 
invention. All such similar substitutes and modi?cations 
apparent to those skilled in the art are deemed to be Within 
the spirit, scope and concept of the invention as de?ned by 
the appended claims. 

What is claimed is: 
1. A method of discriminating matter utiliZing dielectro 

phoresis combined With magnetophoresis, comprising: 

injecting a sample having one or more constituents into an 
inlet port of a chamber; 

initiating a carrier medium ?oW at the inlet port to 
establish a How Within the chamber; 

generating a dielectrophoretic force on the constituents; 

generating a magnetic force on the constituents; 

balancing the dielectrophoretic force and magnetic forces 
to position the constituents Within the chamber; and 

collecting the constituents at one or more outlet ports of 
the chamber according to the dielectric and magnetic 
characteristics of the constituents. 

2. The method of claim 1, Wherein the sample comprises 
one or more analytes miXed With one or more labels having 
distinguishable magnetic and dielectric properties. 

3. The method of claim 2, Wherein a ?rst label has ?rst 
dielectric and magnetic properties and has a binding af?nity 
for a ?rst analyte and a second label has second dielectric 
and magnetic properties and has a binding affinity for a 
second analyte. 

4. The method of claim 1, Wherein the carrier medium 
?oW causes the constituents to travel at velocities dependent 
upon their positions Within the chamber. 

5. The method of claim 4, Wherein collecting comprises 
collecting different constituents emerging at different times 
from the one or more outlet ports according to their dielec 
tric and magnetic characteristics. 

6. The method of claim 1, Wherein collecting comprises 
collecting different constituents emerging at different posi 
tions from the one or more outlet ports according to their 
dielectric and magnetic characteristics. 

7. A method for batch-mode discrimination of matter 
utiliZing dielectrophoresis combined With magnetophoresis, 
comprising: 

injecting an aliquot of a sample having one or more 
constituents into an inlet port of a chamber; 
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initiating a carrier medium ?oW at the inlet port to 
establish a How Within the chamber, Wherein the carrier 
medium ?oW causes the constituents to travel at veloci 
ties dependent upon their positions Within the chamber; 

generating a dielectrophoretic force on the constituents; 

generating a magnetic force on the constituents; 

balancing the dielectrophoretic force and magnetic forces 
to position the constituents Within the chamber; and 

collecting the constituents according to time-of-eXit from 
an outlet port of the chamber. 

8. The method of claim 7, Wherein the sample comprises 
one or more analytes miXed With one or more labels having 
distinguishable magnetic and dielectric properties. 

9. The method of claim 8, Wherein a ?rst label has ?rst 
dielectric and magnetic properties and has a binding affinity 
for a ?rst analyte, and a second label has second dielectric 
and magnetic properties and has a binding af?nity for a 
second analyte. 

10. A method for continuous-mode discrimination of 
matter utiliZing dielectrophoresis combined With magneto 
phoresis, comprising: 

continuously injecting a sample having one or more 
constituents into an inlet port of a chamber; 

initiating a carrier medium ?oW at the inlet port to 
establish a How Within the chamber; 

generating a dielectrophoretic force on the constituents; 

generating a magnetic force on the constituents; 

balancing the dielectrophoretic force and magnetic forces 
to position the constituents Within the chamber; and 

collecting the constituents from a plurality of outlet ports 
of the chamber according to the positions of the con 
stituents. 

11. The method of claim 10, Wherein the sample com 
prises one or more analytes miXed With one or more labels 
having distinguishable magnetic and dielectric properties. 

12. The method of claim 11, Wherein a ?rst label has ?rst 
dielectric and magnetic properties and has a binding affinity 
for a ?rst analyte, and a second label has second dielectric 
and magnetic properties and has a binding af?nity for a 
second analyte. 

13. Amethod of discriminating matter utiliZing dielectro 
phoresis combined With magnetophoresis, comprising: 

providing a chamber comprising at least one inlet and one 
outlet port, an array of electrodes in operative relation 
With to the chamber and con?gured to generate a 
dielectrophoretic force, and one or more permanent 
magnets in operative relation With the chamber and 
con?gured to generate a magnetic force; 

injecting matter into an inlet port of a chamber; 

generating a magnetic force on the matter using the one or 
more permanent magnets to discriminate and collect 
matter upon the magnets; 

generating a dielectrophoretic force using the electrodes 
to repel the collected matter from the magnets; and 

collecting the matter at one or more outlet ports of the 
chamber. 
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14. A method of discriminating matter utilizing dielectro 
phoresis and magnetophoresis, comprising: 

preparing a sample containing at least one analyte and a 
plurality of labels, the plurality of labels having prese 
lected dielectrophoretic and magnetic properties, at 
least some of the plurality of labels combining With the 
at least one analyte to create analyte-label complexes; 

injecting the sample into an inlet port of a chamber, the 
chamber comprising a separation channel; 

providing an electrical signal to at least one electrode 
element adapted to the chamber at different phases to 
create an electric ?eld in the chamber to cause a 

dielectrophoretic force on the sample; 

providing a magnetic signal to at least one magnetic 
element adapted to the chamber to create a magnetic 
?eld in the chamber to cause a magnetophoretic force 
on the sample; 

initiating a carrier medium ?oW at the inlet port to 
establish a hydrodynamic ?oW pro?le Within the sepa 
ration channel, the carrier medium causing the at least 
one analyte and the analyte-label complexes to travel at 
velocities dependent upon their positions Within the 
separation channel; 

collecting the analyte-label complexes at an outlet port of 
the chamber, Wherein the analyte-label complexes hav 
ing similar magnetic and dielectric properties arrive at 
the outlet port in a single elution peak. 

15. A method of discriminating target analytes utiliZing 
dielectrophoresis and magnetophoresis, comprising: 

preparing a sample containing at least one analyte and a 
plurality of labels, the plurality of labels having prese 
lected dielectrophoretic and magnetic properties, at 
least some of the plurality of labels combining With the 
at least one analyte to create analyte-label complexes; 

providing an electrical signal to at least one electrode 
element adapted to a chamber comprising a separation 
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channel at different phases to create an electric ?eld in 
the chamber to cause a dielectrophoretic force on the 
sample; 

providing a magnetic signal to at least one magnetic 
element adapted to the chamber to create a magnetic 
?eld in the chamber to cause a magnetophoretic force 
on the sample; 

continuously injecting the sample into an inlet port of the 
chamber; 

collecting the analyte-label complexes at a plurality of 
outlet ports of the chamber, Wherein the analyte-label 
complexes having similar magnetic and dielectric prop 
erties arrive at the same one of the plurality of outlet 
ports. 

16. An apparatus for discrimination of a sample utiliZing 
dielectrophoresis, magnetophoresis, and ?eld ?oW fraction 
ation, comprising: 

a chamber having at least one inlet and one outlet port; 

an array of electrodes in operative relation With the 
chamber and con?gured to generate a dielectrophoretic 
force upon constituents of sample Within the chamber; 

an array of magnetrodes in operative relation With the 
chamber and con?gured to generate a magnetic force 
upon constituents of the sample Within the chamber; 
and 

Wherein the electrodes and magnetrodes are con?gured to 
generate forces that balance one another to displace 
constituents Within the sample to positions Within the 
chamber characteristic of their magnetic and dielectric 
properties. 

17. The apparatus of claim 16, Wherein the array of 
magnetrodes comprises one or more permanent magnets. 

18. The apparatus of claim 16, Wherein the outlet port 
comprises multiple ports con?gured to collect bands of ?uid 
that travel through the chamber at de?ned positions. 

* * * * * 


